Abstract The syntheses are described for centrally expanded bilirubin analogs: b-homorubins with propionic and butyric acid groups in the positions corresponding to the propionic acids of bilirubin. Their syntheses were accomplished by coupling two equivalents of a reactive monopyrrole (5-(bromomethylene)pyrrolin-2-one) to a dipyrrylethane. The corresponding b-homoverdins and dehydro-b-homoverdins were prepared by dehydrogenating the rubins or their dimethyl esters using DDQ. As supported by NMR measurements and molecular mechanics calculations, the homorubins are found to engage in conformation-determining intramolecular hydrogen bonding between the dipyrrinone and carboxylic acid moieties. Likewise, the homoverdins are believed to favor intramolecularly hydrogen-bonded conformations.
Introduction
Bilirubin (Fig. 1a) , the end product of porphyrin metabolism and the yellow pigment of jaundice [1] , is capable of rotating its two dipyrrinone chromophores independently about C(10) so as to bring each dipyrrinone into hydrogen bonding with one of its two propionic acid groups (Fig. 1b) [2] . This conformation is required to assume a folded or half-open book shape (Fig. 1c) , named ''ridge-tile'' [3] , which minimizes non-bonded steric destabilizing interactions and found in the crystal [3] [4] [5] and solution [6] [7] [8] [9] . It is more stable than all others, and as such it plays a dominating role in the pigment's physico-chemical properties and metabolism [1, [10] [11] [12] [13] [14] . Analogs of bilirubin with vinyl groups reduced to ethyls, e.g., mesobilirubin-XIIIa (Fig. 1d) , also adopt an intramolecularly hydrogen-bonded ridge-tile [2, 15] and thus exhibit similar solution and metabolic properties. In order to learn whether the ridge-tile conformation might be perturbed, yet remain stable, by linking the two dipyrrinones to not one but two CH 2 connector groups, we previously communicated [16] our synthesis of the centrally homologated mesobilirubin, 10a-homorubin, or, more simply homorubin (1, Fig. 1e ) and compared its properties to those of mesobilirubin-XIIIa. This work indicated the presence of bilirubinlike intramolecular hydrogen bonding in 1, and metabolism studies by the late Prof. A.F. McDonagh (University of California San Francisco) showed that the pigment, like bilirubin and mesobilirubin, is excreted as mono-and diglucuronides in the Sprague-Dawley rat. It was also found to be excreted unchanged, albeit slowly, in the Gunn rat (which has a congenital deficiency of the glucuronosyl transferase enzyme) and thus ''appears to be an intermediate type of compound which is polar enough to be excreted without conjugation in the Gunn rat yet capable of being glucuronidated''.
Since our first communication on homorubin, a complete conformational analysis of 1 has been achieved, and the study of homorubins (b-homorubins) has been extended to a synthesis and analysis of the butyric acid homolog 2 ( Fig. 1 ). Interest in 2 stems from previous studies of bilirubin analogs with propionic acids replaced by butyric acids that showed the pigment retained complete intramolecular hydrogen bonding, adopted a more open ridge-tile conformation, but still retained many of the mesobilirubin-like solution properties [17, 18] .
Like bilirubin and mesobilirubin, both homorubins 1 and 2 were oxidized to the corresponding ''verdins''. As noted earlier by Chen et al. [19] , there are two possible verdin types: 10,10a-dehydro-10a-homorubin (b-homoverdin), as in 3 and 4 ( Fig. 1g) , and 10,10a,22,23-didehydro-10a-homorubin (dehydro-b-homoverdin), as in 5 and 6 (Fig. 1h) . In our work, the corresponding dimethyl esters would be labeled 3e and 4e, and 5e and 6e, which were prepared along with 3-5. Chen et al. [19] prepared a homoverdin dimethyl ester by an entirely different method involving ''2 ? 2'' coupling and characterized it as 3e. From the corresponding homorubin possessing all methyl substituents, a dehydro-bhomoverdin with all methyl substituents at the pyrrole/ pyrrolinone b-positions was also prepared by Chen and Falk [20] , an analog of 5e. Considerations of double-bond stereochemistry and conformational analysis of the homoverdin diacids 2-6 indicate possible intramolecularly hydrogen-bonded conformations. Just as with the homorubins, analysis of the homoverdin structures indicates new and different hydrogen-bonded conformations of varying shape. Mesobilirubin-XIIIα In the following, we report on the syntheses and conformational analysis of the homorubins and homoverdins of Fig. 1 and discuss their structures and stable conformations.
Results and discussion

Homorubin synthesis aspects
To achieve the syntheses of 1 and 2, we conceived of two possible logical routes to the skeletal framework (Scheme 1): ''2 ? 2'' and ''1 ? 2 ? 1'' [21] . In the first, a dipyrrinone with a 9-CHO group would be self-coupled by Ti 0 in the McMurry reaction [22] . In the second, two equivalents of (bromomethylene)pyrrolinone would be condensed with a a,a 0 -dipyrrylethylene prepared by reduction of the a,a 0 -dipyrrylethene produced by Ti 0 -assisted self-condensation of a pyrrole a-aldehyde. Our attempts to self-condense an appropriate dipyrrinone aaldehyde (''2 ? 2'') proved fruitless using Ti 0 [22, 23] , doubtless in part because of the insolubility of the reactant pigment and possibly adventitious reaction of the pigment with the titanium. Consequently, this approach was abandoned in favor of what became the successful ''1 ? 2 ? 1'' route diagrammed in Scheme 1.
The syntheses of 1 and 2 thus followed a straightforward pattern (Scheme 2) whereby the end ring pyrrolinone precursor, 5-(bromomethylene)-4-ethyl-3-methyl-2-oxo-2,5-dihydropyrrole [24] , was condensed [16, 17, 24, 25] by HBr catalysis in hot CH 3 OH with a suitable 1,2-dipyrrylethane (13 and 14) . Initially, we thought that condensation using ethenes 11 or 12 might suffice, but this proved obstinate and unworkable, whereas the reduced 13 and 14 reacted satisfactorily. The last were obtained by catalytic hydrogenation of the dipyrrylethene precursors (11 and 12) , which were synthesized from the known monopyrroles (7 and 8, respectively) by McMurry coupling. Thus, as outlined in Scheme 2, the a-CH 3 of 7 and 8 was oxidized to a-CHO (9 and 10) [26, 27] , and 9 and 10 were each selfcondensed using Ti 0 [23] in the McMurry coupling [16] procedure to afford dipyrrylethenes 11 and 12. These tetraesters were saponified to tetra-acids, but attempts to condense either of the latter with the designated (bromomethylene)pyrrolinone met with resistance, and no product like 3e or 4e could be isolated. Apparently decarboxylation of the a-CO 2 H groups of saponified 11 and 12 did not occur. Attempts simply to decarboxylate the tetra-acids of 11 and 12 to provide the a-free 1,2-dipyrrylethenes were similarly unsuccessful, and we attributed the stability of the tetra-acids to the presence of the -CH=CH-group connecting the two pyrroles. Reducing the -CH=CH-to -CH 2 -CH 2 -provided a way to overcome the problem of decarboxylation [16] . Thus, 11 and 12 were subjected to catalytic hydrogenation, the progress of which was monitored visually, for in solution the 1,2-bis(pyrrolyl)ethenes produce a blue fluorescence in the presence of Pd(C), and when the mixture turns dark black, there is no observable fluorescence, and reduction is therefore complete. Due to its poor solubility in most organic solvents, 11 had to be added in small portions during hydrogenation in order to prevent undissolved 11 from deactivating the catalyst. In contrast, 12 presented no solubility problems. The dipyrrylethanes from 11 and 12 were saponified to tetra-acids 13 and 14 in high yield. Coupling either of the latter with the 5-(bromomethylene)-3-pyrrolin-2-one proceeded smoothly, following in situ a-CO 2 H decarboxylation, to provide the yellow-colored dimethyl esters (1e and 2e), of 1 and 2, respectively. The expectedly yellowcolored free acids (1 and 2) were easily obtained from their dimethyl esters by mild saponification. Homoverdin synthesis aspects
For expected ease of handling and workup, dehydrogenation was first attempted by reacting the dimethyl esters (1e and 2e) of 1 and 2 with 2,3-dichloro-5,6-dicyano-1,4-quinone (DDQ). Thus, as in Scheme 2 treatment of 1e in tetrahydrofuran (THF) for 2 h at room temperature with excess oxidizing agent (C2 molar equivalents) resulted in but one main product in 42 % isolated yield after easy purification by radial chromatography on silica gel. It was identified (vide infra) as the red-violet colored dehyro-bhomoverdin 5e. In contrast, a shorter reaction time (20 min) using the same stoichiometry afforded a violetcolored mixture of b-homoverdin 3e and its dehydro analog 5e in a 70:30 ratio. In order to maximize the yield of 3e (and minimize that of 5e), we found that one molar equivalent of DDQ in THF and a 60-min reaction time at room temperature afforded 3e in 81 % isolated yield. Dimethyl ester 2e behaved quite similarly, yielding 4e, 6e, or a mixture of 4e and 6e, depending analogously on stoichiometry and reaction time. In separate experiments, as expected, treatment of 3e (or 4e) with DDQ produced 5e (or 6e). Unfortunately, saponification attempts on methyl esters 3e-6e using NaOH or K 2 CO 3 resulted in decomposition; so we turned to preparing 3-6 more directly.
Direct conversion of 1 and 2 to their corresponding bhomoverdins (3 and 4) was achieved by heating with DDQ, which was also expected to convert some of the firstformed 3 and 4 to their corresponding dehydro-b-homoverdins (5 and 6). Although mixtures might therefore have been expected, reaction of 1 with 2.5 molar equivalents of DDQ in (CH 3 ) 2 SO at room temperature led to the immediate appearance of a blue color and after 30 min afforded only red-orange 3 (in 50 % isolated yield). Similarly, 2 gave only red-orange 4, in 47 % isolated yield. Attempts to convert 1 or 2-5 or 6 by longer reaction times with DDQ or by warming resulted only in pigment destruction and no apparent production or 5 or 6.
As an alternative route to 5 and 6, 1 and 2 were converted to t-butyldiphenylsilyl diesters with tbutyldiphenylsilyl chloride and oxidized with DDQ to give the corresponding b-homoverdin (3 and 4) and dehydro-bhomoverdin (5) diesters. The diester of 6 could not be obtained. Whereas deprotection of the silyl esters using tetra-n-butylammonium fluoride in dry THF afforded 3 and 4, only a trace of 5 was obtained.
Molecular structure
The constitutional structures of the (yellow) homorubin esters (1e and 2e) follow from the method of synthesis and 
are in complete agreement with their 13 C NMR spectra ( Table 1 ). The chemical shifts of 1e and 2e correlate well with each other and with those from their mesobilirubinXIIIa dimethyl ester analogs: 1e and 2e relative to mesobilirubin-XIIIa dimethyl ester itself (MBRe). Only small differences in chemical shifts are seen. Likewise, the 13 C NMR chemical shifts of 1 and 2 correlate well with their structures and with those of the analogous mesobilirubin ( Table 2) .
The constitutional structures of the homoverdin and dehydro-homoverdin esters were also assigned on the basis of their 13 C NMR data (Table 3) . One finds the expected deshieldings for the 13 C signals at C(10)/C(10a), C(8)/ C(12), and C(9)/C(11), and the expected shieldings at C(2)/ C(18) of 3e and 4e relative to 1 and 2, due to the presence of the C(10)=C(10a) double bond. In 5e and 6e, the presence of the exocyclic double bonds at C(9)=C(10)/ C(10a)=C(11) and the imino C=N bonds at C(6)/C (14) causes a striking deshielding of the C(9)/C(11) and C(6)/ C (14) carbons in the dehydro-b-homoverdins (5e, 6e) relative to the b-homoverdins (3e, 4e). In 5e and 6e, the strongly deshielded carbon chemical shifts of C(6)/C (14) are characteristic of a C=N bond [28, 29] , as are the deshielded chemical shifts for C(9)/C(11) [29, 30] . The extra conjugation of the former also perturbs the C(2)/C(18) and the C(7)/C(13) 13 C NMR resonances, leading to similarly large deshieldings relative to the b-homoverdins. Also noticeable are the greater deshieldings of the C(10)/C(10a) vinylic hydrogens of the dehydro-b-homoverdins relative to the b-homoverdins. Additional support for the assigned structures comes from exact-mass determinations of their molecular weights, e.g., for 3e and 5e. Fast atom bombardment high-resolution mass spectrometry (FAB-HRMS) applied to homoverdins 3e and 5e of this work yielded the following high-resolution molecular ion determinations: 626.3084 for 5e (which is a good fit to the 626.3104 calculated for C 36 H 42 N 4 O 6 ) and 628.3254 for 3e (which is a good fit for the 628.3261 calculated for C 36 H 44 N 4 O 6 ).
Our structure assignment of b-homoverdin differs from that of Chen et al. [19] , who reinvestigated the reaction of the dipyrrinone, kryptopyrromethenone, in CH 2 Cl 2 with Br 2 , a reaction previously conducted by Daroca et al. [31] . Though Fischer and Adler [32] had reported the conversion of xanthobilirubinic acid to mesobilirubin-XIIIa by reaction with Br 2 in acetic acid, interestingly, with a change of solvent from glacial acetic acid to CH 2 Cl 2 , Chen et al. discovered that reaction of methyl xanthobilirubinate with Br 2 in CH 2 Cl 2 at room temperature led to the formation of a homoverdin, designated as a b-homoverdin and characterized as structure 3e. Given the current availability of two clearly different homoverdin esters, 3e and 5e, both arising from oxidation of 1e by DDQ, we took note of the fact that the NMR data (Table 3 ) of our 5e correspond better to the NMR data of the compound that Chen et al. called b-homoverdin dimethyl ester rather than to our 3e. The strongly deshielded signal (*7.8 ppm) for the C(10)/C(10a) hydrogens also appears to correlate better to octamethyldehydro-b-homoverdin [20] ; thus, we believe that the bhomoverdin assigned earlier [19] is more likely to be dehydro-b-homoverdin 5e. Doubtless Chen et al. [19] were disadvantaged in not having both 3e and 5e available for comparison. In particular, one finds 13 C NMR evidence for a C=N carbon-13 resonance from the pigment of Chen et al.'s more deshielded C(10)/C(10a) carbons and their hydrogens relative to our 3e-but coincident with 5e. It is puzzling that the soft ionization mass spectrometric molecular ion determinations (chemical ionization, CIMS, and fast atom bombardment high resolution, FABHRMS) by Chen et Fig. 1 for atom numbering. Superscripts refer to the carbons in the pyrrole b-substituent changes, e.g., 2 1 is the first carbon attached to the ring on carbon C(2) b Data from Ref. [18] Homorubins and homoverdins 967
and not 5e. This enigmatic and presumably misleading information is puzzlingly difficult to reconcile with a reassignment of their b-homoverdin assignment, unless the soft ionization method actually sampled traces of 3e in a preponderantly 5e sample-or unless the ionization method reduced some 5e to 3e.
Solution properties; chromatography
Homorubins 1 and 2 are yellow compounds, whose structures appear yellow in CHCl 3 with UV-Vis spectral characteristics very similar to mesobilirubins or dipyrrinones (Table 4) . They differ in color and in structure from their more conjugated b-homoverdins and their dimethyl esters (Table 5) , which, e.g., in CHCl 3 are red-violet. Both homorubins 1 and 2 and b-homoverdins 3e and 4e also differ from their more unsaturated dehydro-b-homoverdin analogs 5e and 6e, which give blue-violet solutions in CHCl 3 .
Perhaps unexpectedly, the UV-Vis spectral characteristics of 3e and 5e differ little ( Table 5 ). The solubilities of the pigments varied considerably. While homorubin dimethyl esters (1e and 2e) are soluble in a variety of nonpolar solvents, comparable to mesobilirubin dimethyl ester, the solubility of the free acids 1 and 2 closely resembles that of mesobilirubin: somewhat soluble in CHCl 3 and very soluble in (CH 3 ) 2 SO, much less soluble in a range of organic solvents, and insoluble in H 2 O. In contrast to the homorubin esters, the b-homoverdin dimethyl esters (3e and 4e) are insoluble in CHCl 3 or CH 2 Cl 2 , but soluble in CH 2 Cl 2 -CH 3 OH and very soluble in (CH 3 ) 2 SO. In further contrast, 5e and 6e, the dehydro-bhomoverdin dimethyl esters, are poorly soluble in (CH 3 ) 2 SO but soluble in CHCl 3 .
The b-homoverdin dimethyl ester solubility properties differ little from those of their free acids. Thus, the bhomoverdins are insoluble in non-polar organic solvents, Fig. 1 for atom numbering. Superscripts refer to the carbons in the pyrrole b-substituent chains, e.g., 2 1 is the first carbon attached to the ring on carbon C(2) c Data from Ref. [13] d Data from Ref. [18] e In CDCl 3 f 2.48-2.60 (12H, m) though slightly soluble in the mixed CH 2 Cl 2 -CH 3 OH solvent and quite soluble in (CH 3 ) 2 SO-in which they exhibit a deep red color similar to that of the dimethyl esters.
The pigment colors are not surprising. Consisting of two dipyrrinone chromophores well separated by their -CH 2 -CH 2 -linker, 1 and 1e, 2, and 2e are expected to be yellow, as is observed. Though 3 and 3e, 4 and 4e also consist of two dipyrrinones, one might expect them to be yellow colored were it not for the fact that they are linked by a -CH=CH-unit, through which conjugation might be anticipated. Their red-orange color gives evidence of some level of electronic interaction of the dipyrrinone chromophores through the ethene p system. And in this case, the situation appears to be analogous to that observed when dipyrrinones are linked by an ethyne (-C:C-) unit, which also gives red-orange solutions, as was observed previously [33] . The dehydro-bhomoverdins [19, 20] exhibited the reddish color associated with the dipyrrylmethene chromophore [30, 34] and with abenzylidene dipyrrinones [35, 36] .
Using chromatography as an indication of the relative polarity of homorubins 1 and 2, and compared to mesobilirubin-XIIIa, thin layer chromatography (TLC) revealed quite comparable R f values, especially for 2 and mesobilirubin. Reversed phase performance liquid chromatography (HPLC) [10, 11] likewise similarly revealed very similar retention times for 2 and mesobilirubin. Homorubin 1, while exhibiting the expected chromatographic behavior for a nonpolar rubin, appears to be slightly more polar than 2; yet, all these data (Table 6 ) point to good intramolecular hydrogen bonding in 1 and 2, as is well known for mesobilirubin.
Homorubin conformational analysis and circular dichroism
Insight into the conformational structures of homorubins 1 and 2 may be gained from an inspection of their N-H proton NMR chemical shifts. Previously, it was learned that in solvents that promote hydrogen bonding, such as CDCl 3 , dipyrrinones are strongly attracted to engage in self association using hydrogen bonds [37, 38] , except when a carboxylic acid group is available, for dipyrrinones seem to be perfect hosts for the CO 2 H group of acids [2, 8, [39] [40] [41] [42] [43] . When engaged in hydrogen bonding with a carboxylic acid group, the lactam N-H chemical shift tends to lie near 10.5 ppm, and the pyrrole N-H near 9 ppm in CDCl 3 . A good correlation was found from the N-H chemical shifts observed (Table 7) for 1 and 2, which are consistent with intramolecular hydrogen bonding of the type seen in bilirubin ( Fig. 1 ) and mesobilirubin in CDCl 3 .
The available evidence from diverse sources, NMR spectroscopy, solubility, and chromatographic properties is consistent with intramolecular hydrogen bonding between the polar carboxylic acid groups and dipyrrinones of homorubins 1 and 2, as in bilirubin and mesobilirubin, cf. Fig. 1b . In the homorubins, the stable (4Z,15Z) configuration of the dipyrrinone units is maintained, consistent with nuclear Overhauser effects (NOEs) detected between the lactam and pyrrole NHs, and between C(5)H/C(15)H and the neighboring ethyls at C(8)/C(17). The three-dimensional shapes of the homorubins necessarily differ from that of bilirubin because they have an -CH 2 -CH 2 -group rather than a -CH 2 -connecting the two dipyrrinones, thereby imparting a third degree of rotational freedom about the center of the molecule. Consistent with the NOE study, and the N-H chemical shift data ( Table 5 ) that support intramolecular hydrogen bonding, even with this increased level of molecular flexibility about C(10)/C(10a), the homorubins easily fold into and adopt conformations wherein their dipyrrinones can come into hydrogen-bonding contact with the opposing alkanoic acids, as shown in Fig. 1f . The energy-minimized structures from Sybyl molecular dynamics computations [2] are shown, however, not to be planar. Like bilirubin, 1 and 2 fold into a threedimensional intramolecularly hydrogen-bonded conformation. However, unlike bilirubin, the shape is not like a ridge-tile. The planes containing the dipyrrinones can adopt a more nearly parallel orientation, given two sp 3 -hydribized carbons connecting them. And with the extra degree of rotational freedom about the -CH 2 -CH 2 -unit, the (Fig. 2a) , with the pyrrole rings stationed above and below each other. The minimum energy structures (Fig. 2b,  c) shown in ball and stick representations (see ''Experimental'') of homorubins 1 and 2 were computed to lie at some 63-71 kJ mol -1 lower energy than the same folded conformation absent hydrogen bonds-an energy lowering comparable to that computed for bilirubin and mesobilirubin [2] .
Although only small differences were detected between the UV-Vis spectra of 1 and 2, and mesobilirubin-XIIIa (Table 4) , their CD spectra in CHCl 3 with added quinine differed substantially (Table 8) . Under such conditions, mesobilirubin-XIIIa gave an intense bisignate Cotton effect; whereas any Cotton effects (De [ 0.1) were hard to detect for 1 and 2. In contrast, 1 in aq. buffered human serum albumin (HSA) [44] [45] [46] produced a very large bisignate CD, typical of exciton coupling [2, 44] , with the same signed order and twice the intensity found for mesobilirubin-XIIIa. In further contrast, the bisignate CD seen for 2 is only weak, of nearly an order of magnitude reduced intensity relative to 1. The CD (and UV-Vis) characteristics of bichromophore systems undergoing exciton coupling are dependent on the relative orientation of the induced electric dipole moments associated with the relevant electronic transition(s), in this case the *420-nm-long wavelength transition. Since the intensity of the CD transitions depends on both the orientation [2, 44] and enantiomeric excess of the pigment held in chiral conformations, the greatly reduced CD intensities of 2 on HSA probably reflect poor enantioselection by the binding protein or, less likely, an unfavorable orientation of the dipyrrinones (and the long wavelength electric transition dipoles) where the transition moments come close to being in line or parallel.
b-Homoverdin conformational analysis
In both 3 and 4, as well as in 3e and 4e, two configurational stereo-isomers are possible in b-homoverdins: either (Z) or (E) at the C(10)=C(10a) double bond (Fig. 3) . We could not, however, determine the exact double bond stereochemistry experimentally. In their b-homoverdin studies, Chen et al. [19] tentatively assigned a (Z) configuration at C(10)=C(10a) based on the observation that the protons on the double bond were deshielded to d * 7.8 ppm relative to those (d * 6.6 ppm) of ''a series of dipyrrylethenes of (E) configuration'' [47] . Assuming that the d * 6.6 ppm indicates an (E)-configuration [48] , one is tempted to assign (E) configurations to both 3e and 4e, based on the chemical shifts (d * 6.8 ppm) of their hydrogens at C(10)/ C(10a). Given rotational degrees of freedom about the C(9)-C(10) and C(10a)-C(11) single bonds, one can imagine numerous conformations, of which a few (planar) are shown in Fig. 3 .
In both diastereoisomers of 3 and 4, given the possibility of rotation about the C(9)-C(10) and C(10a)-C(11) bonds, intramolecular hydrogen bonding appears to be possible, though we noted that the b-homoverdins are more polar (e.g., insoluble in CH 2 Cl 2 ) than the corresponding homorubins (soluble in CH 2 Cl 2 ). This may suggest less compact structures for 3 and 4 than 1 and 2 and support the (10E) configuration of the former pair. CPK molecular models of the syn-(10E)-syn reveal a flattened bowl shape and the possibility of intramolecular hydrogen bonding between each dipyrrinone and an opposing propionic or butyric acid, although the acid carbonyls are somewhat buttressed against the C(10) and C(10a) hydrogens. From an inspection of models, intramolecular hydrogen bonding would seem less feasible in the anti-(10E)-anti and anti-(10Z)-anti conformations. The best conformation for intramolecular hydrogen bonding, with minimal nonbonding steric destabilizing interactions, appears to be the syn-(10Z)-syn conformer, but only when the dipyrrinones are rotated synclinal, with the C(8)-C(9)-C(10)=C(10a) and C(10)=C(10a)-C(11)-C(12) torsion angles approaching 90°. This is seen in the structures of Fig. 4 .
Molecular mechanics calculations (Sybyl) predict that intramolecular hydrogen bonding between the dipyrrinones and opposing propionic acids of 3 or the butyric acids of 4 (Fig. 4) stabilizes certain conformations of their (10E) and , respectively. In contrast, intramolecular hydrogen bonding is predicted to stabilize the (E) isomers of 3 and 4 by 57 kJ mol -1 and *208 kJ mol -1 . From these data, one might think that for 3 intramolecularly hydrogen bonded (10Z) would be slightly more stable than intramolecularly hydrogen bonded (10E), and that for 4 (10E) would be much more stable than (10Z). As shown in Fig. 4 , the (10Z) isomers fold into very different shapes from the (10E), where, as might be expected from an (E) C=C, the dipyrrinones lie nearly in the same plane, giving the molecule an extended look. However, neither the (10Z) nor the (10E) isomer in the intramolecularly hydrogen-bonded conformations of Fig. 4 would seem to hint at their relative stabilities, nor do the torsion angles (Table 9) . One might view the longer lactam N-H to carboxylic acid C=O hydrogen bond (b) of (10E)-3 compared to (10Z)-3 as indicating less effective stabilization due to hydrogen bonding in the former. However, this assumes (reasonably) that an amide to the CO 2 H hydrogen bond is more stabilizing than a pyrrole to CO 2 H, which is longer in (10Z)-3 than in (10E)-3. A similar rationalization according less stabilization due to the longer N-H to acid C=O hydrogen bond of (10Z) vs. (10E) in 4 would suggest that the (10E) is more stable than the (10Z). It would appear that the longer butyric acid chain is more accommodating than propionic acid to intramolecular hydrogen bonding in the (10E) isomers. However, whether it is only the relative ability to engage in intramolecular hydrogen bonding as effectively as in mesobilirubin that serves to explain the differences in stability is unclear. In the conformations represented in Fig. 4 , the acid chains all appear to adopt staggered conformations; therefore, one might conclude that the energies associated with intramolecular non-bonded steric compression also contribute to the relative differences in stability. Unfortunately, given the insolubility of 3 and 4 in CDCl 3 or CD 2 Cl 2 , we could not obtain their 1 H NMR spectra and employ the usual criteria of NH and CO 2 H chemical shifts and CO 2 H to NH NOEs to confirm intramolecular hydrogen bonding.
Dehydro-b-homoverdin conformation
Unlike the b-homoverdins, with a ''rigid'' (Z) or (E) C=C in the center of the molecule and two degrees of rotational freedom (about the C(9)-C(10) and C(10a)-C(11) single bonds), dehydro-b-homoverdins have but one rotatable bond in the center, the C(10)-C(10a) single bond. With two double bonds just off the center of the molecule vs. one in the center of b-homoverdins, three diastereomers are possible for the dehydro-b-homoverdins: (Z,Z), (Z,E), and (E,E), as illustrated in Fig. 5 . As in biliverdin, mesobiliverdin, and related analogs [30] , it can be assumed that the lactam NH to isopyrrole N is strong, with the hydrogen relatively unavailable for additional hydrogen bonds, e.g., to a carboxylic acid. And while many different conformations are possible for 5 and 6 because of rotation about the C(10)-C(10a) bond, we considered only those where non-bonding steric interactions are minimized and those that might be stabilized by residual, weak intramolecular hydrogen bonding between the carboxylic acids and opposing dipyrrinones, as predicted by (Sybyl) molecular mechanics computations (Fig. 6 ) and observed in CPK molecular models. These included the more fully hydrogen-bonded s-trans and s-cis (9Z,10aZ) conformers (Figs. 5, 6) ; however, the preference for such conformations could not be confirmed experimentally, and the various bond angles and hydrogen bond distances (Table 10) found in the minimum energy structures of Fig. 6 do not offer clarification.
Concluding comments
In connection with our interest in centrally expanded [11, 16, 33, 35, 50, 51] and contracted [52] analogs of the synthetic model (mesobilirubin-XIIIa) for the natural pigment of human bile and jaundice [1] , we prepared homorubin 1 and its analog 2, with butyric acid groups replacing propionic acids. Yellow 1 and 2 preferentially adopt folded, intramolecularly hydrogen-bonded conformations and exhibit a lipophilicity comparable to that of mesobilirubin-XIIIa. Like the last, hepatobiliary elimination of homorubin 1 in Sprague-Dawley rats [10, 11, 53] succeeds by formation of mono-and diglucuronides, as well (surprisingly) as intact [16] . The reddish b-homoverdins (3 and 4) corresponding to 1 and 2, which can exist as (10Z) or (10E) diastereomers, prefer the latter and are stabilized by intramolecular hydrogen bonds.
Experimental
All nuclear magnetic (NMR) spectra were obtained on a Varian unity plus at 11.75 T magnetic strength operating at 500 MHz ( 1 H) and 125 MHz ( 13 C), QN 400 MHz ( 1 H) and 100 MHz ( 13 C), and Varian GE at 7.06 T magnetic strength operating at 300 MHz ( 1 H) and 75 MHz ( 13 C), respectively, in deuteriochloroform unless otherwise indicated. Chemical shifts were reported in ppm referenced to the residual chloroform proton signal at 7.26 ppm and 13 C at 77.23 ppm unless otherwise noted. A combination of heteronuclear multiple bond correlation (HMBC) spectra, heteronuclear single bond correlation (HSQC) spectra, two-dimensional correlation spectroscopy (COSY), and 1 H{ 1 H} nuclear Overhauser effect (NOE) data were used to assign 1 H and 13 C NMR spectra. Melting points were taken on a Mel-Temp capillary apparatus. Analytical samples were dried under vacuum in a drying pistol (Abderhalden) at refluxing ethanol or toluene temperature using P 2 O 5 as desiccant. Combustion analyses were performed by Desert Analytics, Tucson, AZ, and gave results within ±0.4 % of theoretical values. For a few compounds, FAB-HRMS mass determinations of the molecular ion were obtained from the Nebraska Center for Mass Spectrometry, Lincoln, NE. UV-Vis spectra were recorded on a Perkin-Elmer Lambda-12 spectrometer. Circular dichroism spectra were measured on a Jasco J-600 spectrometer. Vapor pressure osmometry (VPO) measurements were performed on an OSMOMAT 070-SA instrument (Gonotech GmbH, Germany) in HPLC grade CHCl 3 (Fisher) at 45°C with benzil used for calibration in CHCl 3 and methanol and (?)-10-camphorsulfonic acid for calibration in water. For final purification, radial chromatography was carried out on Merck silica gel PF 254 with gypsum binder, preparative layer grade, using a Chromatotron (Harrison Research, Palo Alto, CA, USA). Analytical thin-layer chromatography was carried out on J.T. Baker silica gel IB-F plates (125 l layers). Flash chromatography was carried out using Woelm silica gel F, thin layer chromatography grade. HPLC analyses were carried out on a Perkin-Elmer Series four high-performance liquid chromatograph with an LC-95 UV-Vis spectrophotometric detector (set at 420 or 640 nm) equipped with a Beckman-Altex ultrasphere-IP 5 lm C-18 ODS column (25 9 0.46 cm). The flow rate was 1.0 cm 3 /min, and the elution solvent was 0.1 M di-noctylamine acetate in 5 % aq. methanol (pH 7.7, 35°C). All reagents and solvents used in the syntheses were obtained from Fisher-Acros, Aldrich, and Alfa Aesar. Deuterated chloroform, dichloromethane, dimethylsulfoxide, and methanol were from Cambridge Isotope Laboratories. Molecular dynamics computations were performed on a SGI Octane workstation using versions 6.9 and 7.1 of SYBYL (Tripos Assoc., St. Louis, MO) force field with Gasteiger-Hückel charges. Ball and stick drawings were created from atomic coordinates of the molecular dynamics structure using Müller and Falk's ''Ball and Stick'' program (Cherwell Scientific, Oxford, UK) for the Macintosh (http://www.orc.uru-Linz.ac.at/mueller/ball_ and_stick.shtml). All solvents were reagent grade, from Fisher-Acros.
Some synthetic precursors were available from previous work [49] : ethyl 5-(ethoxycarbonyl)-2,4-dimethyl-1H-pyrrole-3-propanoate (7) and the corresponding 3-butanoate (8) . anti-(10E )-anti Fig. 3 Planar representations of (10Z) and (10E) diastereomers of b-homoverdins 3 and 4. CPK molecular models indicate that the syn-syn isomers are more capable of intramolecular hydrogen bonding and that the (10Z) isomers would likely be more stable than the (10E) water bath followed by acidification with aq. NaHSO 4 to pH 4. The acidified solution was extracted with CH 2 Cl 2 (2 9 100 cm 3 ), and the CH 2 Cl 2 solution was dried over anhydrous Na 2 SO 4 and evaporated in vacuo (rotovap). The solid residue was triturated with 3 cm 3 CH 3 OH, and the resulting yellow solid was removed by filtration to afford pure 1. Yield: 60 mg (85 %); m.p.: 220-221°C (dec); 1 H NMR ((CD 3 ) 2 SO): d = 1.10 (6H, t, J = 7.3 Hz), 1.86 (6H, s), 2.12 (6H, s), 2.45 (4H, q, J = 7.3 Hz), 2.75 (4H, t, J = 7.3 Hz), 2.86 (4H, t, J = 7.3 Hz), 3.34 (4H, s), 6 .00 (2H, s), 8 .59 (2H, brs), 10.18 (2H, brs), 13.94 (2H, brs) ppm; 13 C NMR data in Table 2 ; UV-Vis data in Table 4 ; CD data in Table 8 .
propanoic acid] (13, 217 mg, 0.49 mmol) was dissolved in 30 cm 3 CH 3 OH in a 100-cm 3 round-bottom flask. To this solution were added 209 mg 5-(bromomethylene)-3-pyrrolin-2-one (15, 0.968 mmol) and a drop of aq. HBr. The resulting mixture was stirred and heated at reflux for 15 h, during which time a green solid developed in the reaction mixture. The green solid was isolated by filtration, dissolved in CH 2 Cl 2 , and further purified by radial Fig. 4 Ball and stick representations of (left) (Z) and (right) (E) bhomoverdins 3 (upper) and 4 (lower) in their lowest energy conformations, as determined by Sybyl molecular mechanics computations. It is evident that the syn-syn conformations about the C(9)-C(10) and C(10a)-C(11) bonds allow for intramolecular hydrogen bonding (see Table 9 13 C NMR data in Table 1 . 13 C NMR data in Table 2 ; UV-Vis data in Table 4 ; CD data in Table 8 . 13 C NMR data in Table 1 .
Homorubin dimethyl ester 1e (40 mg, 0.063 mmol) was dissolved in 30 cm 3 THF under an N 2 atmosphere. Then 14 mg DDQ (0.061 mmol) in 5 cm 3 THF was added, and the mixture was stirred for 60 min. The reaction mixture was then poured into 100 cm 3 ice-cold water containing 100 mg ascorbic acid. The resulting mixture was extracted with CH 2 Cl 2 (3 9 75 cm 3 ). The combined CH 2 Cl 2 extractions were washed with saturated aq. NaHCO 3 , dried over sodium sulfate, and evaporated to give crude 3e. The crude product was purified using radial chromatography using 99: Table 3 ; UV-Vis data in Table 5 In a 25-cm 3 round-bottom flask 20 mg 1 (0.033 mmol) was dissolved in 10 cm 3 distilled dimethyl sulfoxide. DDQ (17 mg, 0.083 mmol) in 2 cm 3 dimethyl sulfoxide was added at once, and the solution was allowed to stir for 30 min (upon addition of the DDQ, the solution immediately turned a blue color). The solution was poured into 50 cm 3 ice water containing 100 mg ascorbic acid, and a precipitate formed. The precipitate was separated and washed by centrifugation and isolated by filtration. The solid was dried (high vacuum), dissolved in CH 2 Cl 2 :CH 3 OH (90:10 by vol), and eluted through a column of silica using CH 2 Table 5 . Table 3 ; UV-Vis data in Table 5 The lactam NH to isopyrrole hydrogen bond shown is known to be strong and conformationstabilizing in biliverdin and related pyrrole compounds [30] then removed by suction filtration, dissolved in 10 cm Table 5 . In a separate experiment, 40 mg homorubin dimethyl ester 1e (0.063 mmol) was dissolved in 30 cm 3 THF under an N 2 atmosphere. To it was added 28 mg DDQ (0.122 mmol) in 5 cm 3 THF, and the reaction mixture was stirred for 2 h at room temperature. Then it was poured into 100 cm 3 ice-cold water containing 100 mg ascorbic acid and extracted with CH 2 Cl 2 (3 9 75 cm 3 ). After the combined organic extracts had been washed with sat. aq. NaHCO 3 , the product was dried over anhydrous Na 2 SO 4 . The solvent was evaporated (rotovap) to give a violetcolored mixture of 3e and 5e, which was separated by radial chromatography using CH 2 Cl 2 :CH 3 OH (99:1 by vol) as eluent. The doubly oxidized product (5e) was less polar and moved faster in the chromatography as a violet band, whereas the more polar singly oxidized product (3e) followed as a red-violet band. Yield of 5e: 17 mg (42 %); m.p.: 260°C. 13 C NMR in Table 3 ; UV-Vis data in Table 5 . glacial acetic acid, and 100 cm 3 H 2 O were added to a 1,000-cm 3 round-bottom flask and stirred magnetically to dissolve the pyrrole. The solution was cooled to -5°C using an ice-salt bath, and 219.3 g ceric ammonium nitrate (CAN, 0.40 mol) was added in portions. After the final addition, the reaction mixture was allowed to stir for 2 h. Then the reaction mixture was added to a 2,000 cm 3 separatory funnel containing 1,000 cm 3 water and extracted with 300 cm 3 CH 2 Cl 2 . The organic extract was washed with 10 % aq. NaHCO 3 (4 9 100 cm 3 ) to remove excess acetic acid, separated, and dried over anhydrous Na 2 SO 4 . The solvent was removed in vacuo to give a crude product, which was purified by column chromatography on silica gel using CH 2 Cl 2 :CH 3 OH (99:1 by vol) to give pure 9. Yield: 24.7 g (88 %); m.p.: 60-61°C (Ref. [26, 42] In a three-neck 500-cm 3 round-bottom flask equipped with a magnetic stirrer, condenser, and N 2 inlet, 200 cm 3 THF (dry), and a stir bar were added, and the solvent was cooled to 0°C using an ice-salt bath. Then 2 cm 3 TiCl 4 (17 mmol) was added dropwise using a syringe, and a yellow precipitate formed. Stirring was continued for an additional 10 min, then 2.2 g Zn (34 mmol) was added in portions and stirred for 10 min. The resulting mixture was heated at reflux for 2 h when the color of the mixture changed from yellow to green to black. After refluxing, 1.0 g pyrrole aldehyde 9 (3.4 mmol) in 20 cm 3 dry THF was added, and refluxing was continued for 2 h. The reaction mixture was cooled to 5°C in an ice bath and quenched by the addition of 200 cm 3 50 % NH 4 OH with stirring. The reaction mixture was added to a separatory funnel and extracted into CH 2 Cl 2 . The organic layer was filtered to remove darkish TiO 2 , and the yellow organic layer was washed with water then dried over anhydrous Na 2 SO 4 . The solvent was evaporated in vacuo to give an orange-yellow oil, which was crystallized from ethyl acetate and hexane to give pure 11. Yield: 540 mg (57 %); m.p.: 161-162°C; 1 3 ethyl acetate, to which 50 mg of 5 % Pd/C was added, and the mixture was stirred under a hydrogen atmosphere for 12-36 h (until the fluorescence of the solution had disappeared). The reaction mixture was passed through a Celite layer to remove the catalyst, which was washed with ethyl acetate. The solvent was removed in vacuo to afford a white solid, which was recrystallized from ethyl acetate and hexane to obtain the pure hydrogenated tetra-ester 13. The hydrogenated tetra-ester dipyrrole (500 mg, 0.732 mmol) was dissolved in 20 cm 3 ethanol and to it was added 25 cm 3 of 1 M aq. NaOH. The reaction mixture was stirred and heated at reflux for 3 h (reaction completion was confirmed by TLC on silica gel). The ethanol was removed in vacuo, and to the residue was added 10 cm 3 water. After cooling in an ice-salt bath to 0°C, the solution was acidified by adding 50 % HNO 3 dropwise until a white precipitate formed. Then 1 cm 3 more HNO 3 was added, and the mixture was stirred in the cold for 30 min. The resulting brown solid tetra-acid 13 was collected by filtration. Yield: 382 mg (99 %); m.p.: 150-152°C (dec); 1 H NMR (CDCl 3 , 300 MHz): d = 2.00 (3H, s), 2.25 (2H, t, J = 7.5 Hz), 2.50 (2H, t, J = 7.5 Hz), 2.60 (2H, s), 10.9 (1H, s), 11.9 (1H brs) ppm; 13 
